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I. IRTRODUCTION

This is the Fourth Quarterly Progress Report which describes the
technical progress from 1 January 1966 through 31 March 1966 under NASA
Contract No. NASW-1283, Scientific investigations accomplished during the
current reporting period resulted in the generation of the following papers
submitted and/or accepted for publication in accredited scientific journals,

books and/or GCA Technical Reports or presented at scientific meetings.

Technical Papers Submitted and/or Accepted for Fublication

Publication
a, Submitted
Ionization Potential of Molecular Xenon and J. Opt. Soc. Am.
Krypton (J.A.R. Samgon and R. B. Cairns)
b. Accepted
CO2 Actinometer for Argon Source (P. Warneck) J. Opt. Soc. Am,
56, 408 (1966)
Ionization Potential of 0, (J.A.R. Samson and J. Opt. Soc. Am,
R. B. Cairms)
Gas Analysis by Photoionization Mass Spec- J. Applied Phys,

trometry (W. Poschenrieder and P. Warneck)

Total Absorption Cross Sections of CO and CO
in the Region 550-200% (R. B. Cairns and
J.A.R. Samson)

2 J. Opt. Soc. Am.

Techrical Papers Presented at Scientific or Professional Meetings

A Study of the Kinetic Energies of Electroms Produced by Photoionization
(J.A.R. Samson and R, B. Cairns) — Presented by J.A.R. Samson at the Fiftieth
Anniversary Meeting of the Optical Society of America held in Washington, D.C.,
on March 15-18, 1966.



In Section 11, technical summaries are given on the work performed under
the present contract. During the current reporiing period, significaat

progress has been achieved in the following areas:

A. Photoctemistry of planetary atmospkeres

B. Laboratory investigations in the VUV and the
EUV spectral regions

C. Plapetary aseronomy

D, Other pertinent information.



II. TECHNICAL SUMMARIES OF VORK PERFORMED UNDER THE PRESENT CONTRACT

A. PHOTOCHEMISTRY OF PLANETARY ATMOSPHERES

1. The Role of O(lnlfin Reactions with O3

In this work, the photolysis of oxygen at 14708 1s utilized to
produce O(ID) simultaneously with O(BD), and the production of ozone is in-
vestigated as a function of pressure and temperature. A number of data ob-
tained were reported in the last quarterly report but no analysis had been
accomplished at that date, The required kinetic analysis of these data has

now been performed and the results are given below.

The kinetic mechanism on which the gquantitative analysis is

based can be written

0, + by 10k o, o )
0+20, = 0;+0, fast )
*
0 +20, * 0,40, ky )
*
0 +0, = 0,+0 X, 4
*
0 +0, - 20, kg (5

*
vhere 0 gignifies excited oxygen atoms in the 1D metastable state, Treat-
ing the reaction space next to the light source window as a stirred reaction

leads to the equations

vaA (03) 1

* * ~
- 3t (k3 +5)00,)(0) - k5(0,)(0) CY



*
v A (0 1 *
T g~ 0 [(g+x.)(0,) + 1c5(03)] €))
Here, the concentrations refer to the ocutgoing (steady-state) concentrations,
v is the flow rate, R the reactor volume and I the integrated light intemnsity.
If the oxygen atoms formed in the primary process (1) are nearly all consumed
%*
in the reactor, the term v A (0 )/R becomes negligible. The resulting ozone
concentration is obtained from the quadratic equation
[k3(02) + k4]

0% + —f—= 00y - I I Rl p =0, ®

Upon introducing the ozone quantum yield q = (03) v/1, we obtain the ex-

pression

_SE I_ k3(02) + k4
v k

5

vhich relates the experimental parameters q, I, v and (02) with the ratios
of rate constants k3/k5 and k,/kse Accordingly, if the function om the
left-hand side of this equation is plotted versus pressure, a straight line
should be obtained at low pressures vhere k3(02) << k4° Such a plot is
shown in Figure 1 for the data obtained at room temperature. Indeed, a
linear relationship is observed for pressures below 250 mm Bg. The in-
creasing nonlinearity at higher pressures indicates the influence of Reac-
tion (3). Rate constant ratios kalk5 are then obtained from the slope of

the linear portion, and Table 1 provides a list of the averaged values ob-

tained for three different temperatures.

4
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Figure 1. ‘'recss're lependence of ozone quantum yields expressed
in t.c “orm g2l (2-q)v.
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TAELE 1

1(°c) T(°K) /g
0 273 (0.91 * 0.23) x 1073
24 297 (0.61 * 0,12) x 107>
50 223 (0.47 £ 0.15) x 1073

To obtain the activation energy of Reaction (5), it is assumed
that the deactivation of O(ID) by Reaction (4) proceeds with negligible tem-
perature dependence. Figure 2 shows a semi-logarithmic plot of k5/k4 versus
the reciprocal temperature. A straight line is obtained indicating a re-
lationship ks = k; exp(-E/RT). PFrom the slope of the line, the activation

energy E is found to be E = 2,400 % 1,400 cal,

Returning to Equation (9), one can now insert the deduced aver-
age values for k4/k5 for each temperature and determine an average value for
k3/k5 (here assumed to be temperature independent) from the data at pressures

23

above 250 mm Hg. The value here found is k3/k5 = (2,1 £ 1.1) 10 cc/

molecules.

A brief discussion is in order concerning these results, At
a firat glance, it appears that nothing can be said about the absolute mag-
nitude of the individual rate constants, since only ratios can be determined
within the framework of photolytic work. However, upper and lower limits
can be given in relation to other data available from the literature, Con-

sidering kAIkS’ it is seen that from the values given in Table 1, that ks
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Figure 2~- Temperature dependence of k5/k4.



is more than a thousand times creater than kk' The upper limit of k. is

10

5

given by the collision frequency of k., < 2.5 x 107 cc/molecules sec.

5

This puts an upper limit on the deactivation rate constant of k4.5 10-13

cc/molecules sece On the other hand, Hunten and HCElroy(l) have made an

analysis of the gas discharge data by Kvifte and Vegard(z) concerning the

15

emission by O(ID) wvith the result that k, & 10"~ cc/molecules sec. Ac-

4
cordingly, from our data ks R2x 1()"12 cc/molecules sec. However, the

present results also provide the activation energy associated with Reac-

* %* -
tion (5). Setting ks = ks exp(~2,400/RT) with k5 =2,5x 10 10, the value

obtained at room temperature is k. =4 x 10"12 cc/molecules sec, in reason-

5
able agreement with the value given above. Hence, kS is nuch faster than
the corresponding rate constant for the reaction of 3P ground oxygen atoms.

By contrast, k3 is much smaller. Taking ks =4 x 10-12 gives k3 =3 x 10-35
cc/molecules sec, which is by about an order of magnitude smaller than the
rate constant value for ozone formation by 3P oxygen atoms., Partial sup-
port for the problem of O(ID) deactivation by 0, was received under Contract

No. NASw-1341,

2., The Reaction of O(;D) with Nitrogen

hile the results concerning the reaction of O(ID) atoms with
ozone are reasonably complete, there remains to investigate the reaction
with nitrogen. Data concerning the deactivation of O(1D) by nitrogen have
been obtained in conjunction with the above work, although an analysis of
these data must still be performed. Here, however, we are concerned with
the reaction with nitrogen leading to the formation of N,0. As delMore and

3)

Raper have shovm, this reaction is much slover than the deactivation



reaction between the same reactants. Consequently, only a negligible pro-

duction of NZO can be expected,

It was previously proposed to study the reaction O(ID) + Nz-*

nzo by photolysis of a mixture of CO, and Nz, and to detect NZO by means of

2
mass spectrometry. The choice of this system was predicated upon our pre-

(4,5)

vious findings that 002 photolysis produces O(ID) oxygen atoms and that

their reaction with nitrogen is fast in comparison to that with carbon di-

@)

oxide, From more recent data reported by Cvetanovic, it appears that

the reaction with 002 is rapid, vhereas our present results show that the
reaction with N2 is slow. This has two consequences: (a) the coz pho-
tolysis system is unsuitable for the conteuplated study, and (b) the use of
mase spectrometric analysis of N20 is not sufficiently sensitive. These new
factors suggest that an isotype scheme employing mass spectrometric measure-
ments must be abandoned in favor of an alternative scheme. In the search
for other appropriate study methods, it has become apparent that the pho-
tolysis of ozone in the presence of large amounts of nitrogen provides a
suitable system, and that mass spectrometry as the analytical tool should

be replaced by gas chromatography. A brief analysis of the expected mech-
anism follows., As deMore and Raper(3’6) have shown, the photolysis of ozone

at 25378 yields O(ID) oxygen atoms in the primary step. Norrish and Wayne(7)

have recently found that in the presence of excess nitrogen, the ozone quan-

r

tum yield declines towards two, indicating that most of the 0(1D) oxygen

atoms responsible for additional 03 destruction are deactivated, The mech-

anism, accordingly, can be vwritten



o,+hy - 0+0

3
k)

o +N, »* M40
%
22 N0
kg

o+o0, 20,

%
with O signifying oxygen atoms in the excited (lD) state. It follows from

a steady-state treatment that

ANO k
2 2 05y = 2
At 2(“2)‘0 ) = K4k, Ta
1 72
faN 03 (2 kl + kz)
at I, * k2(°)(°3) =1, k, + y =2

A 1'320 _ k2 ~ k2
A 03 2 kl + kz 2 kl

so that the ratio of rate constants for Reactions (1) and (2) can be ob-
tained from a determination of the ozone consumption and the NZO production,
provided both are measurable quantities. The former measurement is easily
accomplished by absorption photometry. For the latter, a gas chromatograph

@

should be used. PFrom a statement of Norrish and Wayne, the detection of

N20 appears to be just within the realm of possibility.

10



B. LABORATORY INVESTIGATIONS IN THE VOV (1000-20008) AND THE EUV
(BELOW 10008) SPECTRAL REGIONS

1. The Mass Analysis of Photoionization Products

This portion of the program has been completed. The results
have been accepted for publication in the Journal of Applied Physics and

is to appear in the June 1966 issue.

2. Electron Energy Spectrum Due to EUV and VUV Photoionization

The electron energy analyzer reported in the last Quarterly
has been tested and found to produce good results with a limiting energy
resolution of approximately 3 percent. That is, the energies of a group
of electrons whose energles are in the vicinity of 10 eV can be identified
if their energy separation is more tham 0.3 eV. This resolution is suf-
ficient to identify most electronic states of a molecule and some of the

vibrational states.

The most important advance in this study is that with the pres-
ent techniques, we have been able to use monochromatic radiation with only
a SR bandpass to produce electrons within the analyzer. Thus, a consider-
able amount of valuable information should be forthcoming. The importance
of this technique is that for the first time one can now give the probability
that a photon of a given energy will be absorbed in a particular molecular
state. These data are directly applicable to current views on the aeronomy
of the upper atmosphere. As an example, we have determined the individual
absorption processes in our test gas xenon, Figure 3 shows the raw data as

obtained directly from the analyzer. It reveals two steps in the electron

11
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current as the retarding potential is increased; the ratio of the heights
of these steps is equal to the ratio of the absorption cross sections for

the two absorption processes which leave the ion in its 2P ground state

3/2
and its 2P1,2 excited state. The results as a function of wavelength are
shown in Figure 4 dowa to 4008, The symbols 01/2, etc., refer to the spe-
cific absorption cross sections for the 2P1/2, 2P3/2, and the total absorp-

tion cross sections,.

Referring back to Figure 3, the sloping portions of the step
should ideally be vertical. The slope indicates the energy resolution of
the analyzer. In the case of molecules, a more gentle slope (i.e., appar-
ently poorer resolution) would indicate other absorption processes which
were unresolved, PFigure 5 shows such a condition for molecular nitrogen.
Radiation of 5708 wavelength is absorbed by nitrogen into its ground X 22;
state and into the excited states A zﬂu and B zﬁ:. Again the magnitude of
the steps is indicative of the most probable transition. In this case, the
most probable transition is into the A 2nu state. This state contains many

vibrational levels vhich are not resolved at present as is evident from the

slowly rising step into this tramsition (Figure 5).

A major problem still to be solved is the effect of the earth's
magnetic field on very slow electrons. During the next Quarter, we plan to
build a Helwholtz coil to counteract the effect of the earth's field, Ve
also hope to improve the energy resolution of the analyzer and its

sensitivity.

The material discussed has been presented as a paper entitled

"A Study of the Kinetic Energies of Electrons Produced by Photoionization"

13
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by J. A, R, Samson and R. B. Cairns at the Fiftieth Anniversary ileeting of

the Optical Society of America on March 17, 1966, in Washington, D. C.

3. Atomic Bydrogen Photoionization Cross Sections

As previously reported, experiments have been undertaken to
determine the most efficient method for producing large numbers of hydrogen
atoms, Radio frequency discharges of several frequencies and microwave
discharges have been studied. The various techniques produce similar de-
grees of dissociation and as a result, microwave discharges are being used
because of their compactness and simplicity of operation. The Wrede-Harteck
method of measuring the number density of atoms has been useds Although this
method i3 capable of measuring the atom density in the vicinity of the gauge,
it does not provide a value for the total number of hydrogen atoms per cmz-
column in a flowing system vhere pressure gradients exist. Thus, the orig-
inal experiment was envisaged with a Wrede-Harteck gauge at both ends of the
absorbing gas column, This would allow a nmean atom density to be determined
and hence the total number of absorbing atoms. However, a new and novel
technique has been developed vhich obviates this complicated experimental
procedure., This newv method permits the atom cross section to be determined
wvithout any knowledge of the number of absorbing atoms. It is thought that
this constitutes the first occasion upon which a cross section has been mea-
sured without such information. The method is simple, providing only two
absorbing species are present; namely, ground state 32 and H, Present evi-
dence in the literature and from our laboratory suggests that this is the

case,

16



Consider first a measurement of the relative absorption cross section of H

at two frequencies 121 and Voo

At v1

In 1

S -
I, %y Yy

where only is present, L is the length of the absorbing column, o
(szl)

is the molecular absorption cross section, is the number density of

N(u,)

Hz, and IOII1 is the ratio of the light intensities incident and trams-

mitted through the gas. With the discharge on, and both H2 and H absorbing,
1

(o}
i M ["(azvp Nay) t C@ vy “ia)]

2

section, and Ni

where I, is now the transmitted light intensity, a(H v.) is the atom cross
1

and Nzﬁ)

are the number densities of Hz and H, respectively.

H,)

We have:

+lNI

N,y = Ney) 2 M

e Eliminating Niﬂz)’

I
o 1
L1, ["(nzvl) (N(uz) "2 Nfﬂ)) T v me]

(%

1 I
I L

= 1 .
In = -3 U(szl) NfH) + U(H Vl) Nfa) 3

[ Lo
(o d L
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i.e.,

1,0 1
A ) ["(n ) T2 "(nzvl)] (10)

At frequency vy

I 1 1, 4
N/ tv -0 ] == fn 1)
(B [ #vy) 2 \Hyv)l L7,
y
Dividing Equation (10) by Equation (11)
o -ig
¢
@vy) 2 (H,v,) ) fn 11/12 a2
o 1 moigli, t
(Hv,)) 2 "(Hv,)

Since 11, 12, 11, 12, G(BZVI), and U(szz) are measured quantities, the

at frequencies v and v, are known. It should be

relative values of G(H)
noted that the N(H) does not appear in Equation (12).

Once the relative cross sections are known, it remains to nor-

malize the data by knowing the absolute cross sectlon at one point.

1
Ref to Equat 0) shous that if o =50
s erence to Equation (10) shous tha o v1) 5 (szl)’
then /n il = 0; i.e., I1 = 12. Experimentally, this means that the intensity
2
of the transmitted light is unaltered when the discharge is switched on., Uhen

this occurs, therefore, the cross section of the atom is known to equal one-
half of the molecular cross section which can be measured; thus, the curve

Oy versus A can be made absclute without knowing Nzu),

18



Preliminary data for the relative cross sections are available
at wavelengths between 900 and 8008. Belovw SOOX, molecular hydrogen absorbs
more strongly creating experimental difficulties which have yet to be prop~
erly surmounted. A graph is given of the theoretical cross section and the
present tentative data which have, in this case, been normalized to fit the

theoretical curve at 9008 (see Figure 6).

Experiments are continuing tc extend and improve this work,
and a parallel experiment -~ in which any long-1lived ions produced in dis-
charged E2 could be detected - is under way. This experiment is to verify
the supposition that only Hz and H are the absorbing species in the dis-

charged gas.

4, Absorption and Photoionization Cross Sectioms

The ionization potentials of Xe2 and Kr2 have been determined,

the latter being measured for the first time,

Interpretation of the new data indicates that the productiom
of ions in xenon and krypton by resonance line absorption can be ascribed

to:

*
Xe + hy —+ Xe
followed by

* *
Xe +Xe—oXe2-Xe"',,_'+e+KE.

which has been verified in the case of the alkali metals,

19
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The many-lined spectrum of molecular hydrogen was used as a
photon source, while dispersion of the radiation was achieved by a 1/2 m
Seya monochromator with a wavelength resolution of 0.78. A windowless
ion chamber with a pathlength of 28 cm was employed to investigate tae
ionization resulting from resonance line absorption by both xenon and
krypton, although a lithium fluoride window was used at higher xenon pres-
sures to study the direct excitation and ionization of Xez. Research grade
gas was used at pressures ranging from 1 to 300 torr. Ion currents of the
order of 10-12 A were obtained at wavelengths corresponding to the follow-
ing resonance line absorptioms: mp6 1S ~ nd [3/2]0, (n+1)d [(3/21°,
(o + 2) s [1/2)°, anc (n+3) s [3/21°, vhere for Xe, n = 5, 6, ......etc.
and m = 5, for Kr, n = 4, 5, ......etc. and m = 4, At higher pressures,
ionization was observed to occur at wavelengths lying between resonance
lines and is attributed to either direct ionization of the rare gas mole-

cule or excitation of the molecule followed by an autoionizing transition

into the continuum state of the molecular ion.

Ions first appeared at 963.378 in krypton corresponding to
the 4p - 5d resonance transitionm so that the ionization potential of Krz
must be < 12.87 eV (963.372). Melton and Hamill obtained an appearance
potential of 13.2 * ,02 eV while Hornbeck and lMolnar quote a value of

13.23 ¥ 03 v
» - 0.7 [ ]

In the case of xenon, the first resonance tramsition which

produced ionization was the 5p - 6d transition at 1110.712. However, the

21



appearance potential of ions at high pressure (10 to 100 torr) was at
1112,7 + 28, Thus, it is concluded that the icnization potential of

Xe, is 11.14 % 0.02 eV (1112.7 + 28),

The dissociation energy of the ground state of Xe2 is, there-

fore, 0.99 + 0.02 eV; for Krz, the dissociation energy is > 1.06 eV.

22




C. PLANETARY AERONOMY

1. Experimental Investigations

a, Chemiluminescence from Selected Planetary Gases foxr
A < 300
The vacuunm ultraviolet chemiluninescence survey has been

completed and is reported as follows,

Recent shock-tube experiments have shown taat there is
vacuum-ultraviolet emisgsion from the reaction of oxygen with acetylene.(g)
Hand(lo) identified the emission from an oxyacetylene burner in the regiom
1810 to 22208 as part of the fourth positive carbon monoxide band system
(Aln). This identification led him to suggest that the emission observed
in the shock-tuba experiments was also due to the fourth positive carbon
monoxide bands, although the principal emission in that case was in the
region 1500 to 17008 which could not be studied by Hand because of the
molecular oxygen cutoff at 18008, Most recently in this laboratory, the
fourth positive carbon uonoxide bands in the vacuum ultraviolet were
identified during the "cold"” reaction of atomic oxygen with acetylene.(ll)
Present interest has grown into the possibility of vacuum ultraviolet emission
from the reaction of other hydrocarbons as well as planetary gases with atomic
species. With this in mind, a survey-type investigation was carried out
utilizing various hydrocarbons and possible planetary gases with atomic

oxygen, atomic nitrogen and atomic hydrogen.

23




A conventional fast flow system was used throughout the
entire survey. Atomic oxygen was produced by passing a 99:1 mixture of
argon-oxygen through a microwave discharge. The atomic hydrogen was pro-
duced in much the same way, by passing a8 99:1 mixture of argon-hydrogen
through the microwave discharge. Molecular nitrogen alone through the dis-

charge sufficed for the production of an ample amount of atomic nitrogen.

The atomic species and studied feactants were mixed in a
reaction cell which was maintained at a pressure of 800 microns of mercury.
Adjacent to the mixing point, a nitric-oxide-filled GM counter was installed
with its lithium fluoride window inside the reaction cell, Previous studies
undertaken in this laboratory have utilized a GM counter or a photon counter
outside the reaction cell. This necessitated a second lithium fluoride
window as well as a flushing system to minimize molecular oxygen absorption
between the two windows. With the present arrangement, losses of radiation
due to the above absorption as well as the transmission through the second
window are omitted and a lower detection limit is obtained. Simnce this
investigation is primarily a survey, no slit arrangement was incorporated

and the solid angle viewed by the GM counter was very large.

Listed in Table 2 are the observations of the reactions of
atomic oxygen and various ccmpounds., In all of the observed reactions, the
the fourth pogitive carbon monoxide bands are the emitters. However, since
some radiation is obtained with ammonia gas, it is conjectured that a small

quantity of hydrocarbon is present with the gas. It is of some significance

24




to note that the relative intensity of the radiation is dependent upon the
chemical bond of the reactant species; i.e., triple bond is the most intense,

double bond the next, and single bond the least,

TABLE 2

Relative Intensities of Chemiluminescent
Vacuum Ultraviolet Radiation

Reactant Atomic Oxygen Atomic Nitrogen Atomic Hydrogen
Acetylene 1000 0 0
Allene 100 0 0
Ammonia 0.1 0 0
Carbon Dioxide 0 0 0
Carbon Monoxide 0 0 0
Carbonyl Chloride 0 0 0
Carbonyl Sulfide 0 0 0
Ethane 1 0 0
Ethylene 10 0 0
Hydrogen Sulfide 0 0 0
Methane 0 0 0
Methyl Acetylene 100 0 0
Nitric Oxide 0 0 0
Nitrogen Dioxide 0 0 0
Sulfur Dioxide 0 0 0

Employing molecular nitrogen alone through the microwave
discharge for the production of atomic nitrogen resulted in a very high
observed counting rate even before the admission of any of the reactant
gases, It has been ascertained that this radiation is due to the Lyman-
Birge-Hopfield band system of nitrogen. This system has been readily
observed in both absorption and emission and has been identified in the Nz
afterglow by Tanaka.(lz) Since the contribution of this radiation is so

large (greater than a thousand times original background), a true evaluation




of the existence of any resulting reaction with the reactants is not antici-
pated. However, a survey was attempted to ascertain whether any reactant

would appreciably increase the counting rate. Nome of the reactants did,

A second attempt was made with a mixture of nitrogen and
argon passing through the microwave discharge. The background counting rate
was lowered (as was the atomic nitrogen concentration), but again no increase

in radiation was cbserved with any of the reactants.

No radiation was observed when mixing various reactants
with atomic hydrogen. The flows of both the reactant and atomic hydrogea
were varied as well as the ambient pressure without any change in the count-

ing rate.

Although vacuum-ultraviolet radiation was observed only in
the reactions between some hydrocarbons and atomic oxygen, one cannot
definitely rule out a reaction between the other compounds and atomic
oxygen as well as other atomic species. Since the entire wavelength span
of the nitric oxide GM counter is only about 3OOX (1050 to 13408), radiation
still may exist beyond this 134608 limit. A photomultiplier tube which encom-
passes a larger wavelength range (1050 to 20002) would be applied as a suit-
able detector for a more extensive study. In addition, absolute intensity
values would establish upper limits to specific reaction rates to apply to

vacuum ultraviolet airglow in the earth and other planetary atmospheres.

26



b. Fluorescence from Molecular Oxygen Excited by
Lymen-Alpha, 1215.78
Several alternative schemes have beem proposed for the
origin of oxygen airglow in the earth's upper atmosphere. In additionm,
some of these have been closely allied tc the Hertzberg emissions due to
molecular 02. In an effort to reduce the various possibilities, the following

rather straightforward experiment was performed.

The McPherson VUV monochromator was employed with a

9

hydrogen light source to yield about 10° photons sec.:"1 (at 1215.73) at the

exit slit where an 02 gas-filled cell with lithium fluoride windows was
placed. A photomultiplier probe was employed to detect any fluorescence
enitted from the excited 02. The pressure range investigated varied from a
few mm up to one atmosphere. The results were negative in that no observable
fluorescence was detected although the system was capable of detecting as
iittle as 105 photons sec'l. Although the experiment is not conclusive, it

can be used to establish a limiting value on the fluorescence of 0, in the

2
upper atmosphere excited by the solar Lyman-alpha line.

2. Theoretical Studies

a. Model Atmosphere of Mars

Mariner IV occultation measurements have provided some new
data concerning the surface pressure, temperature and refractivity of the

atmosphere of Mars. These measurements show that the atmosphere essentially
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consists of carbon dioxide with a number density of 1.9 +1 x 1017 @olecuies
per cc and a temperature of 180 + 20°K at a reference level close to the
surface. No significant change in scale height was observed ir the lower
part of the atmosphere indicating that the temperature remains essentially
constant. In additiom, the occultation measuremznta have provided informa-
tion about ionospheric peak density and altitude. In the light of this new
information, it was desirable to modify our previous model atmosphere of
Mz2rs and attempt a2 characterization of the Martian jonosphere. The neutral
particle distribution was obtained by considering the photochemistry of
carbon dioxide assuming that carboa dioxide is the predominant atmospheric

constituent. For this purpose, the following reactions were considered:

a
co, + hv —31 o w+o » < 17508
k,
CO+ 0 ——> o0,
ky
CO+0+M ——> (0, +M
K,
0+0+M ——> 0,+HM
*,
0, + by —_— 040 2 < 24008
ke
0O+0,+M ———> 0,+M
57
0+ 0, ——> 10,
@,
0, + by ——> 0,+0 2 < 30008
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The other parameters employed in this study are given in
Table 3. Three different cases are considered corresponding to three dif-
ferent temperatures and in each case, the atmosphere is assumed to be 1iso-
thermal, It is also assumed that atmospheric mixing prevails up to the dis-
sociation region and that diffusion sets in at a higher altitude where
photodissociation is essentially complete. The previously-employed com-
puter program was used also for the present study. The results for the
neutral particle distributions thus obtained are shown in Figures 7, 8 and 9.
It is evident that the temperature has an influence upon the peak altitude

of dissociation,

These initial models were then employed to calculate the
corresponding solar photoionization rate as a function of altitude for each
individual constituent as well as the total rate, For this purpose, a
numerical method of summation of various components was used. The photo-

ionization rate, P, in ion-pairs/cm3 sec at a given altitude was computed

P - zl m.Z)[ ) ai(nni(z)}

where I(A\,Z) is the ionizing flux for a given wavelength interval at a

from the expression

given altitude, oi(l) is the average photoionization cross section for each
constituent for a wavelength interval of SQX, and ni(z) is the number density
for each constituent at the given altitude. To illustrate the data, the
photoionization rates corresponding to Cases I, II and III are shown in

Figures 10, 11 and 12, respectively. The ion density peaks are found to lie
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TABLE 3

Parameter Employed for the Study of the Ionosphere of Mars

Reference

Surface temperature

Case I -T-=
Cagse IT - T =
Case ITI - T =

Surface number density - 1.9 x 10

Solar flux on the top of the earth's atmosphere in

504 intervals

Wavelength Regions 3000 to 25508
2500 to 15508

Average dilution factor to account for the dimi-~
nution of solar flux in the vicinity of Mars,

u = 0.444

200°K
1802K
150°K
17

1550 to 508

Absorption Cross Sections

Carbon Dioxide
Oxygen
Ozone

Photoionization Cross Sections

Carbon Monoxide

Atomic Oxygen

Carbon Dioxide

Photodissociation yield factors for oxygen,

ozone, and carbon dioxide and photoionization
yield factors for carbon monoxide, atomic oxy-
gen and carbon dioxide are assumed to be unity

- -14 4000, 3
k2 = 1.6 x 10 exp ( RT ) em” /sec
k3 =0
k4 = 2.8 x 10.33 cm6/sec
ke = 5 x 10737 exp ( lggo ) cm6/sec
=5x 10-11 exp (- ég%g ) cm3/sec

molecule/cm3

Kliore et al. (1965)

Kliore et al. (1965)

Johnson (1954)
Detwiler et al. (1961)
Hinteregger (1965)

Sullivan and Holland (196€)

Cairns and Samson (1965)
Da&ﬁggzs,ﬂenry & Stewart

Romand (1962)
Cairns and Samson (1965)
Sun and Weissler (1955)

Mahan and Solo (1962)

Morgan and Schiff (1963)

Benson and Axworthy (1957)
as corrected by Jonmes and
Davidson (1962)
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at 170, 160, and 145 km for the parameters employed and show that these
peaks are higher than the ionization peak at 120 to 125 km observed in the
Mariner IV experiment. This apparent discrepancy can be ascribed to several
alternative shortcomings in the present model. A further clarification of
the problem is currently being investigated.
b, A Satellite Experiment on the Detection of

Noctilucent Clouds in the VOV Region

One of the requirements in the present program is to
investigate the role of interplanetary debris deposited in the earth and
planetary atmospheres. Previous efforts have been described in other
Quarterly Rejorts in which the role of the vaporized atomic and/or ionized
vortions of the debris were considered. However, an important aspect of
this probiem includes the role of the remaining meteoric debris; i.e.,

that which survives during its flight through the earth atmosphere to

become micrometeorite particles,

In this regard, Chapman and'Kendall(IB) have recently
presented rather convincing arguments to show that the formation of nocti-
lucent clouds can be directly related to the continuous influx of meteoric
debris into the earth's atmosphere. Indeed, many other investigators also
concur on the importance of the role of meteoric debris in the formation of
noctilucent clouds. However, it is generally accepted that there is a lack
of experimental observations. One reason for this is that earth-based
operations are severely limited in that measurements can be obtained only
under highly-restrictive conditions so that a requirement to detect nocti-
lucent clouds (or dust layers) present in the earth's atmosphere on a global

scale by a satellite-borne device becomes self-evident.
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During the present Quarter, calculations were performed to
determine the feasibility of performing such a satellite experiment by taking
full advantage of the opportunity of probing in the vacuum ultraviolet regionm.
Partial support of this phase of the program was also obtained under Contract

No. NASw-1292 since there is close correlation witk meteorological phenomena.,

The study has indicated that the VUV region is an optimum
region to explore and that there exists a high probability of noctilucent
clouds in the wavelength region 1800 to 20008, A brief description of this

work follows.

First, it is of prime importance to establish the ambient
VUV background radiation from the solar-illuminated earth atmosphere. The
nature and intensity Of TNi8 DACKEIOUDNC 15 UUL WELiLl AuUWE Savcpe ach o0
isolated strong resonance lires. However, it is evident that several pos-
sible sources of radiation exist. Among these, the diffuse reflectior of
solar ultraviolet by Rayleigh scattering is probably the major contributor
for the wavelength region of interest here (i.e., 1800 to 20002). Accord-
ingly, in view of the complete lack of appropriate experimental data, a
theoretical estimate of the background is obtaired by calculating the

expected VUV scattering background due to a solar-illuminated earth atmos-

phere throughout the spectral region of about 1100 to 20008.

The geometry of the problem is illustrated in Figure 13,
where the solar flux is shown to be incident on top of a semi-infinite plane
parallel atmosphere at an angle 90 to the vertical, The radiation detector

is assumed located above the atmosphere and looking downward in the direction
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8. The azimuth angle, ¢, is defined as the angle between the direction of
the incident solar flux and the diffusely-reflected ray. The angle between

the incident solar flux and the ray reflected to the detector is @ and is

defined by

cos 6= cos 6 cos 90 4+ sin 8 sin eo cos ¢ . (13)

The directions § and Go have been selected so that the angles lie between
0 and %-radians. Since it cac be shown that higher scattering orders can
be neglected in the vacuum ultraviolet, the anaslysis has been limited to

consideration of primary and secondary scattering.

The mathematical techniques required to compute the
diffusely-reflected signal levels are complex, but essentially follow the
scheme of Chandrasekhar.(IA) Additionally, the model terrestrial atmos-
phere due to Champion(ls) was adopted with minor modifications. Ozone
concentrations inferred from the measureménts of Dﬁtsch(IG) were added
to the above model for computational purposes. Absorption cross sections
for Nz, 02, O3 and CO2 were obtained from the compilation of Sullivan and
Holland,(17) whereas the Rayleigh scattering cross sectioms for N2 were

(18)

obtained from the experimental results of Marmo and Mikawa, and from

the results of Hilkinson.(lg) For 02, the Rayleigh scattering cross
section at 11008 was assumed to be 4.3 x 10-22 cmz which, whon combined

with the data of Landolt-Bornstein,(zo) yielded appropriate values over

the spectral region of interest.

The results of the above computations performed on an

IBM 1620 computer are shown in Figure 14 for 8 = 90 = 0° (seen overhead
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and with the detector looking straight down). Results for other solar
zenith angles and detector nadir angles can be obtained by the inclusion of
the appropriate modifying trigonometric function. This is the background

against which the signal must be observed.

Concerning the signal, it is of interest to point out that
there is a strong variation of detectability altitude with wavelength in
this spectral region. This is made evident by the data shown in Figure 15.
One may take advantage of this situation for altitude discrimination in the
observation of dust layers in the earth's atmosphere. The expected signal
intensities from a typical noctilucent cloud have been estimated in order
to evaluate the feasibility of this technique and to identify the pertinent
experimental problems., For this purpose, we empiuvycu rtiue deia o Tz

et al.(ZI)

who have recently determined the size distribution of particles
in a noctilucent cloud by an in situ rocket measurement (see Figure 16). It
was shown that only about 10 percent of the particles have diameters < 0.05p
vhile fewer than 1 percent have diameters which exceed 0.3;. Hemenway et
al.(21) have concluded that particles whose diameters were > 0,01y were
probably ice-coated and that the ice coating diameter is about five times
greater than that of the nucleus, Mie scattering calculations have been
applied for the range of particle size indicated in Figure 16. The complex
mathematical techniques and computations are not described here; however,
they may be briefly described as a modification of the treatments due to
Stratton(zz) and van de Hulst(23) in which the dimensionless Mie scattering

parameter, x = 2nr/)\, is employed throughout. In Figures 17 and 18 are

plotted the computed angular Mie scattering coefficient as defined by
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Penndorf(za) for scattering angles of S0 degrees and 180 degrees, respectively,
Finally, Figure 19 shows the average angular scattered cross sections in
cmzlater integrated over the assumed size distribution at a wavelength of
20008 as a function of refractive index. It should be emphasized at this
point that again there is a virtual lack of pertinemnt experimental measure-

ments so that these computed values should be viewed with some caution.

The arguments which employ these data to illustrate the
feasibility of the proposed satellite experiment are lengthy and not
repeated here since the subject matter will be given in detail in a
forthcoming GCA Technical Report. In any case, it has been demonstrated
that for the reasonable estimates employed, a successful experiment can
be performed by a satellite-borne Fastie-Ebert spectrometer for observing

noctilucent clouds in the restricted spectral region A\ 1800 to 19008.
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I11. OTHER PERTINENT INFORMATION

During this Quarter, a technical paper entitled "A Study of the
Kinetic Energies of Electrons Produced by Photoionization" by J.A.R. Samson
and R. B. Cairns was presented by J.A.R. Samson at the Fiftieth Anniversary
Meeting of the Optical Society of America on March 17, 1966, in Washington,
D. C. The major invited papers of interest were presented by Professor
Edlen on spectroscopy, Dr. Tousey on space and solar research, and Professor
Garton on atomic physics and its applications to astrophysics. At the
National Bureau of Standards, a team of theoretical physicists headed by
Dr. U. Fano are vitally interested in the results produced by our Experi-
mental Physics Department. They have written some theoretical papers on the
photoionization cross sections of diatomic molecules based on the publica-

tions of our values of the absorption cross sections of H,, N, and 0,. They

2 72 2

have requested all future results we may obtain, especially on the kinetic
energies of photoelectrons. Dr. Marton, at the National Bureau of Standards,
is measuring the optical constants of metals in the vacuum ultraviolet. He
is using the duoplasmatron as a light source (detailed drawings supplied by
GCA), and credits GCA with their success since they had no suitable light
source and no "know how." Dr. Behring of the Solar Physics Branch at NASA-
Goddard Space Flight Center has been using the GCA absorption cross-section

values for Nz, 02 and O for analysis of their satellite data on number

densities.,
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Labor Category Labor Grade Total Hours

*Junior Technician 2 303.00

*Technician 3 138.00
Experimental Machinist

*Senior Technician 4 491.50
Senior Experimental Machinist

*Junior Scientist 5 296.50
Junior Engineer

*Scientist 6 374,50
Engineer
Senior Scientist 7 741.00

Senior Engineer

Staff Scientist 8 459.00
Principal Scientist 9 179.00
Group Scientist 10 108.00
ODC (Overhead Direct Charges) 6 75.00
" " " n 10 120.00

*and other equivalent categories.
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